Abstract-A p-type silicon (Si) nano-wire piezoresistor, whose minimum cross-sectional area is 53 nm 53 nm, was fabricated by combination of thermal diffusion, EB (electron beam) direct writing and RIE (reactive ion etching). The maximum value of longitudinal piezoresistance coefficient [011] of the Si nano-wire piezoresistor was found to be 48 10 5 (1/MPa) at surface impurity concentration of 5 10 19 (cm 3 ) and it has enough sensitivity for mechanical sensor applications. The longitudinal piezoresistance coefficient [011] of the Si nano-wire piezoresistor increased up to 60% with a decrease in the cross sectional area, while transverse piezoresistance coefficient [011] decreased with a increase in the aspect ratio of the cross section. These phenomena were briefly investigated based on a hole energy consideration and FEM (finite element method) stress analysis.
I. INTRODUCTION

P
IEOZORESISTANCE effect is widely used as a sensing principle of integrated pressure sensors, accelerometers, and atomic force microscopy (AFM) cantilevers. Especially for the AFM cantilevers, there are two major detection methods. One is piezoresistive detection and the other is optical laser detection. In general, the optical detection has higher sensitivity than the piezoresistive detection. Therefore, the pieszoresistive cantilever is used for large arrays of data storage cantilevers [1] , ultra-small high-bandwidth cantilevers [2] and bio-chemical mass sensing, such as DNA (deoxyribonucleic acid) mass in a micro fluid channel [3] , [4] , where optical detection is difficult to apply. However, a drawback of less sensitivity in the conventional piezoresistive cantilever gives a limitation for MEMS applications.
In order to improve sensitivity, Harley and Kenny published excellent consideration for design and process of the piezoresistive cantilever [5] . According to them, resistance change in an ideal piezoresistive cantilever having rectangular shape is given as (1) where is longitudinal piezoresistance coefficient, is length, is width, is thickness and is applied force. The resonance frequency is proportional to and spring constant is proportional to . Base on this preliminary consideration, the resistance change and bandwidth for the piezoresistive cantilever with specified spring constant are increased by decreasing thickness and mass with keeping constant. Recent progress of the piezoresistive cantilever fabrication process contributes to realize submicron thickness cantilever with fN of force resolution [5] , [6] . However, in order to achieve higher force resolution, i.e., below fN resolution, reduction of thickness and mass of the piezoresistor and the cantilever to nanometric scale must be done as deduced from (1) and previous literature [5] - [7] . This resolution is necessary to detect masses of ultrasmall objects such as molecule and ion, which are main targets in the biochemical sensing [7] , [8] .
In this paper, pizoresistance in p-type single crystal silicon nano-wires (Si nano-wires) have been studied in order to verify the performance of nano-metric piezoresistor. Concerning to this topic, the authors have fabricated the p-type polycrystalline silicon nano-wire piezoresistor and quantified its fundamental electro-mechanical properties [9] . Separation by implanted oxygen (SIMOX) substrate, thermal diffusion, electron beam (EB) direct writing and reactive ion etching (RIE) were used for fabrication of silicon (Si) nano-wire piezoresistors. It was found that longitudinal piezoresistance coefficient of the nano-wire piezoresistor increased with a decrease in the cross-sectional area, while transverse piezoresistance coefficient decreased with a increase in the aspect ratio of cross section. More precisely, the longitudinal piezoresistance coefficient is mainly controlled by size of cross-sectional area and has very weak dependence on shape and aspect ratio of cross-sectional area. The transverse piezoresistance coefficient is mainly controlled by the aspect ratio of cross section and has very weak dependence on the shape and size of cross sectional area. These phenomena were briefly investigated with the aid of the hole energy consideration and finite element method (FEM) stress analysis. The enhancement of can be qualitatively interpreted by introducing the one-dimensional (1-D) hole transfer and the hole conduction mass shift mechanisms based on the 1-D hole transport system, which might be expected to be induced in the nano-wire. The decrease in can be reasonably interpreted by using FEM stress analysis that the efficiency of mechanical stress transmission from substrate to the nano-wire is varied with aspect ratio of cross section.
This experimental evidence contributes to reconsider the design for conventional piezoresistive mechanical sensors. The resistance change for a piezoresistor used in the mechanical sensors can be calculated as a function of surface stress in the membrane and the beam. Assuming the stresses are uniform within the piezoresistor, the resistance change due to biaxial stress is given by [10] ( 2) where and are the longitudinal and the transverse piezoresistance coefficients, and are the longitudinal and the transverse stresses, respectively. In general, the surface of the membrane and the fixed ends of the beam are subjected to biaxial in-plane stresses and having same signs [11] . However, the and have opposite signs for main crystallographic orientations in silicon [10] . Theses conditions always lead to a decrease in total resistance change in the conventional piezoresistive mechanical sensors. Therefore, many efforts have been made for the design of conventional piezoresistive mechanical sensors to optimize the sensitivity within the restrictions of the piezoresistor arrangement and the crystallographic orientations [10] . On the contrary, the can be neglected by using the nano-wire piezoresistor with an appropriate cross sectional area and aspect ratio of the cross section. In this case, the piezoresistor has uniaxial stress sensitivity and (2) can be approximately modified as (3) This contributes increase in sensitivity and is free from the restriction of the arrangement of the piezoresistors on the elastic members due to the abovementioned problems.
Although, the piezoresistance in the nano-wire was investigated for one geometry and impurity concentration, the obtained results give new knowledge for relation between sensitivity and structure of the nano-metric piezoresistors, good prospect for design consideration of the nanometric piezoresistive cantilever and design freedom of the conventional piezoresistive mechanical sensors.
II. FABRICATION
Nano-wire structure of the piezoresistors can be realized by using EB direct writing and RIE. Fig. 1 shows the fabrication process of the Si nano-wire piezoresistor. Table I ). a) A SIMOX (100) substrates whose p-Si active layers are 53-nm to 65 nm-thick were used as starting materials. b) Boron was diffused into the p-Si active layer by the twostep diffusion process. A spin on impurity source (PBF) was used as the diffusion source. The predeposition under dry N at 1173K for 20 min and the drive-in diffusion under dry O at 1173K for 10 min, were typically used. Sheet resistance of -Si diffused layer was 809 and surface impurity concentration was approximately cm . The surface impurity concentration was deduced from depth of the diffused layer (junction depth) and the sheet resistance of the diffused layer by using standard Gaussian profile of impurity distribution [12] , [13] . The diffused layer depth was equivalent to the p-Si active layer and varied from 53 nm to 65 nm. c) By using the EB lithography system, patterns of the nano-wire piezoresistors were directly written onto the EB resist, which was spun on the -Si diffused layer. d) The nano-wire piezoresistors were fabricated by RIE (SF ), where EB resist was used as an etching mask. e) Electrodes were fabricated by Al vacuum evaporation and photolithography. Finally, sintering was done in dry N at 673 K for 10 min. III. CHARACTERISTICS Fig. 2(a) shows an AFM image of the fabricated nano-wire piezoresistor. Fig. 2(b) shows an SEM (scanning electron microscope) image of the fabricated nano-wire piezoresistor. According to the AFM measurement, fabricated nano-wire piezoresistors have triangular or trapezoidal cross sections. Table I summarizes the dimension and resistance of the fabricated nano-wire piezoresistors. Aspect ratio is defined as (thickness)/(mean width) of the nano-wire piezoresistor. The aspect ratio is within the range from 0.2 to 1.01 as shown in Table I . The calculated resistance values are obtained from geometry of the nano-wire piezoresistors and sheet resistance of the -Si diffused layer (sheet resistance 809
). Experimental resistance values are higher than that of calculations. Fig. 3 shows current-voltage (I-V) characteristics of the nanowire piezoresistors under room temperature. The I-V characteristics of the nano-wire piezoresistors have a linear relation; therefore, Ohmic contact was realized. If we take higher voltage range, i.e., more than 0.2 V, the I-V characteristic tends to indicate nonlinear relation. This reason has not been solved up to now. Similar phenomena were found in the single and polycrystalline Si thin film resistors in higher voltage range [14] . However, it is suitable for the mechanical sensor applications to use linear part of the I-V characteristic. Therefore, the resistance value and its change due to applied stress were calculated by using the linear part of the I-V characteristics. Table I ). Fig. 4 shows an example of resistance change in the nanowire piezoresistor versus applied stress under room temperature. A linear relation between the resistance change ratio and the applied stress is obtained. The stress was applied to the nano-wire piezoresistors by using a simple cantilever of SIMOX substrate (length 22.5 mm, width 1.5 mm, thickness 0.625 mm). It is assumed that strains on the substrate are completely transmitted into the nano-wire piezoresistors. From this assumption, stresses in the nano-wire piezoresistors are calculated through Hooke's law. The validity of this assumption will be discussed in the next section. Fig. 5 shows the relation between the longitudinal and transverse piezoresistance coefficients, and and the cross-sectional area of the nano-wire piezoresistors. The of the nano-wire piezoresistor increased with a decrease in the cross-sectional area, while the decreased with a decrease in the cross-sectional area. The values of and obtained by Tufte and Stelzer using p-type Si diffusion layer are 31 10 and 31 1/MPa at surface impurity concentration cm [15] . The minimum value of is approximately 30 10 1/MPa at cm and very close to the value obtained by Tufte and Stelzer. The maximum value of the is found to be 48 10 1/MPa at cm . Therefore, the maximum increase in with the variation of cross sectional area is approximately 60%. While, the maximum absolute value of is approximately 1/MPa at cm and smaller than the value obtained by Tufte and Stelzer. The minimum absolute value of the is found to be 1/MPa at cm and of the maximum absolute value. Note that has negative value. These phenomena will be briefly discussed in the next section. Similar phenomena were observed in the polycrystalline silicon nano-wire piezoresistors [9] .
IV. DISCUSSION
As can be seen from Table I , the experimental values of resistance are higher than calculations. It is reasonable to assume that two side surfaces of the nano-wire piezoresistor were damaged during the RIE process and the top surface was protected by the EB resist. The damage depth from the two side surfaces can be deduced to have same amount for each nano-wire piezoresistor, because same RIE condition was used. This means that the percentage reduction of effective cross sectional area, i.e., increase in the resistance is more significant for design of smaller cross sectional area due to same damage depth. Indeed, percentage difference in the experimental and the calculated resistances seems to be a function of aspect ratio of cross section or cross sectional area and it increases with increasing the aspect ratio or with decreasing the cross sectional area. The damage region might be a surface depletion layer. The carriers are trapped in the surface depletion layer [16] and the effective cross-sectional area is reduced and the resistance is increased. However, if we deduce the depletion layer depth by assuming a simple rectangular cross section and using the data of percentage difference in the experimental and the calculated resistances, the values are varied from 12 nm to 32 nm. Therefore, the assumption of the constant depletion layer depth does not hold. Further quantitative investigation is necessary for this point.
In order to investigate the enhancement behavior of the longitudinal piezoresistance coefficient , the piezoresistance in the nano-wire is analyzed based on the hole energy consideration. The valence band structure of the bulk silicon is firstly reviewed and extended to the nano-wire.
Under room temperature, majority of holes are located off in momentum space. In this case, high temperature approximation for the hole energy taking into account the spinorbit interaction must be adopted based on the model of Bir and Pikus [17] , [18] . In the high temperature approximation, the hole energy of bulk silicon subjected to stress with respect to the principal coordinate system is ( sign for heavy hole, sign for light hole) [18] as shown in (4)- (7) at the bottom of the page where , , , and appearing in (4)- (7) are inverse mass parameters, and are the deformation potential constants.
, and are the cubic compliance constants. These parameters have values of , , , eV [19] , , , 1/Pa [20] , , eV [18] , [21] , respectively. Based on (4)- (7), the hole energy and the hole conduction mass shifts due to stress can be derived: (8) (9) As can be seen from (8) and (9), the hole energy shift depends only on and is independent of . While, the hole conduction mass shift depends on and . Prior to the piezoresistance analysis for the nano-wire, some basic assumptions are assigned based on the previous literature [22] - [24] . a) Complete 1-D hole transport is expected in the nano-wire [22] . b) Along the longitudinal direction of the nano-wire, the valence band structure is conserved similar to the bulk silicon [23] . c) The 1-D density of states of effective mass is equivalent to longitudinal conduction mass along the nano-wire and transverse conduction mass is negligible [22] . d) Total number of holes remains constant under stress and the hole transfer occurs in the exhaustion region [24] . e) Relaxation time is constant and isotropic [24] . Based on this preliminary consideration, the hole transfer and hole conduction mass shift due to stress is investigated in 1-D case to derive the piezoresistance coefficient of the nano-wire. In the case of 1-D carrier gas, hole concentration is derived similar to 3-D as [22] (10)
Where is the Fermi-Dirac integral of order and is the reduced Fermi energy. By using (6) to (8) and assumptions (c), (d) and (e), the hole concentration change due to stress in heavy ( ) and light ( ) holes are (11) Based on the hole transfer (11), the hole conduction mass shift (9) [22] , the longitudinal piezoresistance coefficient of the nano-wire can be derived as (12) Fig. 6 shows the calculated longitudinal piezoresistance coefficient of the nano-wire as a function of impurity concentration. In the calculation, the hole conduction masses along [011] , and [19] , which correspond to the 1-D hole conduction masses from assumption (c) are used. The 3-D longitudinal piezoresistance coefficient can be calculated from the correction of (9) to be compatible to 3-D hole concentration by using the 3D density of states of effective masses, and [19] . The 3-D is indicated for comparison. The 1-D equivalent impurity concentration is inferred from the 3D density according to [22] . This means that the equivalent 1-D and 3-D impurity concentrations have same distance between impurity atoms [22] . The value of 1D longitudinal piezoresistance coefficient is found to be 49 10 1/MPa at impurity concentration of cm . While 3D longitudinal piezoresistance coefficient is found to be 36 10 1/MPa at impurity concentration of cm . The 3-D is close to the experimental value obtained by Tufte and Stelzer, namely, 31 10 1/MPa at cm [15] . This evidence supports the consistency of the analysis. It is reasonable to use their data based on the surface impurity concentration, since the piezoresistance coefficient of a diffused layer is only slightly larger than that of a uniformly doped crystal having the same impurity concentration [24] . The analytical result reveals that the longitudinal piezoresistance coefficient increases up to 36% by decreasing the dimension of cross sectional area with keeping the longitudinal dimension. This is qualitatively agreement with the experimental result as previously mentioned.
In order to investigate the anomalous behavior of the transverse piezoresistance coefficient , a concept of stress transmission ratio, which prescribes efficiency of mechanical stress, transmission from substrate to the nano-wire. FEM stress analysis was carried out to determine the stress distribution in the nano-wire and the stress transmission ratio. As FEM models, the Si nano-wires having rectangular and triangular cross sectional shapes located on 0.7-m-thick SiO insulated layer on 525-m-thick Si substrate were adopted. The rectangular and triangular cross sections were investigated, because theses shapes can be assumed as limit case for trapezoidal cross sectional area of the fabricated nano-wires appeared in Table I . The length and thickness of the nano-wire were fixed at 6 m and 0.1 m, respectively. While, the bottom width was changing from 0.01 m to 6 m by appropriate step. The three-dimensional solid elements (MARC element class hex 8) were used to mesh the model. The aspect ratio was defined as the thickness divided by the mean width. The mean transverse stress in the nano-wire is transmitted into the nano-wire from the Si substrate. The mean transverse stress was defined as a volumetric average value of stress distribution in the nano-wire, when a normal stress of MPa was applied to the Si substrate. The stress transmission ratio is defined as . Young's modulus of 170 GPa and Posson's ratio of 0.25 were used for Si. Young's modulus of 82 GPa and Poisson's ratio of 0.17 were used for SiO . Fig. 7 shows the relation between the aspect ratio of the cross section of nano-wire and stress transmission ratio determined from the FEM stress analysis. In the figure, experimental values are plotted as comparison. The experimental stress transmission ratio was indirectly deduced as a ratio of the transverse piezoresistance coefficient for each nano-wire against the value of diffusion layer, 1/MPa , which is expected to be determined from the ideal stress transmission condition, . The calculation tendency is in reasonably agreement with experiment. The decrease in the cross sectional area leads to an increase in the aspect ratio of cross section as shown in Table I . The FEM analysis reveals that the increase in the aspect ratio of cross section leads to the decrease in . Therefore, the apparent is controlled by the aspect ratio of the cross section. Similar FEM stress analysis was carried out in the case of mean longitudinal stress . The stress transmission ratio defined as is almost invariant with respect to the aspect ratio of cross section and keeping value of close to 1.
The longitudinal piezoresistance coefficient is mainly controlled by size of cross sectional area and has very weak dependence on shape and aspect ratio of cross sectional area. The apparent transverse piezoresistance coefficient is mainly controlled by the aspect ratio of cross section and has very weak dependence on the shape and size of the cross-sectional area.
V. CONCLUSION
The Si nano-wire piezoresistor, whose minimum width is 53 nm and thickness is 53 nm, was fabricated by the combination of thermal diffusion, electron beam direct writing and RIE. The increased up to 60% with a decrease in the cross-sectional area, while the decreased with a increase in the aspect ratio of cross section. The 1-D hole transfer and the hole conduction mass shift mechanisms can give a qualitative physical interpretation for enhancement of
The decrease in the apparent with decrease in the cross sectional area is due to decrease in the stress transmission ratio. The maximum value of the is found to be 48 10 1/MPa at the surface concentration of 5 10 cm and it has enough sensitivity comparing to the conventional diffused piezoresistor used for commercial pressure sensors and accelerometers [24] .
